US007981547B2
a2y United States Patent (10) Patent No.: US 7,981,547 B2
Suhara et al. 45) Date of Patent: *Jul. 19, 2011
(54) PROCESS FOR POSITIVE ELECTRODE 6,929.883 B2 8/2005 Suhara et al.
ACTIVE SUBSTANCE FORLITHIUM 7,018,741 B2 3/2006 Suhara et al.

7,192,672 B2 3/2007 Horichi et al.

SECONDARY BATTERY 7,270,797 B2 9/2007 Suhara et al.
7,306,779 B2 12/2007 Suhara et al.
(75) Inventors: Manabu Suhara, Kanagawa (IP); 7.368,095 B2 5/2008 Munakata et al.
Naoshi Saito, Kanagawa (JP); 7,381,498 B2 6/2008 Suhara et al.
Kazushige Horichi, Kanagawa (JP); ;ajé?agg"l‘ E% gl)ﬁ 3882 If{/hhara ft "ilt "
: : 481, awasato et al.
Megumi Uchida, Kanagawa (JP) 7,501,209 B2 3/2009 Suhara et al.
| o | 2001/0010807 Al 82001 Matsubara
(73) Assignee: Seimi Chemical Co., Ltd., 2005/0220700 Al  10/2005 Suhara et al.
Chigasaki-shi (JP) 2006/0154146 A1 7/2006 Kawasato et al.
2007/0026314 Al 2/2007 Kawasato et al.
(*) Notice:  Subject to any disclaimer, the term of this 388% 8} } % 8?3 i gi 388; gu_liﬂl‘ atetlal*
atent is extended or adjusted under 35 alto <t al.
b ] 2007/0298324 Al 12/2007 Kawasato et al.

U.S.C. 154(b) by O days.

. . . . . FOREIGN PATENT DOCUMENTS

This patent 1s subject to a terminal dis-
claimer. IP 9-306546 11/1997
JP 11-86845 3/1999
JP 2000-82466 3/2000
_ JP 2003-217582 7/2003
(22) Filed: Aug. 3, 2010 Jp 2003-257416 9/2003
WO W099/49528 9/1999

(65) Prior Publication Data
US 2010/0294985 A1 Nov. 25, 2010 OLHER PUBLICATIONS

o IPDL JPO Machine Translation for JP 2003-257416.
Related U.S. Application Data Machine Translation of JP-2002093417 (previously made of record

(62) Division of application No. 12/175,652, filed on Jul. by Applicant via IDS).
18, 2008, now Pat. No. 7,824,803, which is a division ~ U.S. Appl. No. 10/089,109, filed Mar. 26, 2002, Suhara, et al.
of application No. 10/529,289, filed as application No.

PCT/IP03/122359 on Sep. 25, 2003, now abandoned.
Primary Examiner — Gregg Cantelmo

(30) Foreign Application Priority Data Assistant Examiner — Eugenia Wang
Sep. 26, 2002 (IP) 7002-781867 (74) Attorney, Agent, or  Firm — Oblon, Spivak,
Sep. 26,2002 (JP) oo, 2002281875 MeClelland, Maier & Neustadt, L.L.P
(31) Imt. CL
HOIM 4/58 (2010.01) (57) ABSTRACT
g%ﬁ j;gg (38828) A positive electrode active material for a lithium secondary
C01D 1/02 52006.023 battery containing a lithium-cobalt composite oxide 1s pro-
N _ _ duced by firing, as a cobalt source, a mixture of substantially
(52) USCL e 423/231.3; jéggéij 64'2295/ 3?118'351" spherical cobalt hydroxide or tricobalt tetraoxide having such
(58) Field of Classification Search o 479/1 2'8 a sharp particle size distribution that the average particle size

D50 1s from 7 to 20 um, and cobalt oxyhydroxide having an
average particle size of secondary particles formed by
agglomeration of primary particles of from 7 to 20 um, 1n a

429/231.3, 231.95; 423/594.6; 252/182.1
See application file for complete search history.

(56) References Cited proportion of from 5:1 to 1:5 as the cobalt atomic ratio, at a
temperature of from 700° C. to 1050° C. 1n an oxygen-com-
U.S. PATENT DOCUMENTS prising atmosphere.

5,955,051 A 9/1999 1.1 et al.
6,103,213 A 8/2000 Nakamura et al.
6,617,073 Bl 9/2003 Matsumoto et al. > Claims, No Drawings



US 7,981,547 B2

1

PROCESS FOR POSITIVE ELECTRODE
ACTIVE SUBSTANCE FOR LITHIUM
SECONDARY BATTERY

TECHNICAL FIELD 5

The present invention relates to a positive electrode active
material for a lithium secondary battery, which has a large
volume capacity density and high safety and 1s excellent in
the charge and discharge cyclic durability, a positive elec- 10
trode for a lithium secondary battery employing 1t, and a
lithium secondary battery.

BACKGROUND ART
15

Recently, as the portability and cordless tendency of instru-
ments have progressed, a demand for a non-aqueous electro-
lyte secondary battery such as a lithium secondary battery
which 1s small 1n size and light 1n weight and has a high
energy density, has been increasingly high. As a positive 20
clectrode active material for the non-aqueous electrolyte sec-
ondary battery, a composite oxide of lithium and a transition
metal such as L1Co0O,, [.1N1O,,, LiN1, .Co, ,O,, L1iMn,O, or
LiMnQO,, has been known.

Among them, a lithium secondary battery using a lithium- 25
cobalt composite oxide (LiCoO,) as a positive electrode
active material and using a lithium alloy or carbon such as
graphite or carbon fiber as a negative electrode, can obtain a
high voltage at a level of 4V, whereby 1t has been widely used
as a battery having a high energy density. 30

However, 1n a case of the non-aqueous type secondary
battery using L1CoQ, as a positive electrode active material,
turther improvement of the capacity density per unit volume
of a positive electrode layer and the safety, has been desired.
On the other hand, there has been a problem of deterioration 35
of the cyclic properties such as gradual reduction of the bat-
tery discharge capacity due to repetitive charge and discharge
cycle, a problem of the weight capacity density or substantial
reduction of the discharge capacity at a low temperature.

In order to solve a part of these problems, it has been 40
proposed 1n JP-A-6-243897 that the average particle size of
L1Co00, as a positive electrode active material, be from 3 to 9
um, the volume occupied by a group of particles having a
particle size of from 3 to 15 um, be at least 75% of the total
volume, and the intensity ratio of the diffraction peaks at 45
20=about 19° and 45° as measured by means of X-ray dii-
fraction using CuKa as a radiation source, be of a speciiic
value, so that 1t becomes an active material excellent in the
coating properties, the seli-discharge properties and the
cyclic properties. Further, 1in the document, 1t has been pro- 50
posed that the positive electrode active material 1s preferably
one which does not substantially have such a particle size
distribution that the particle size of L1CoQO, 1s 1 um or smaller
or 25 um or larger. With such a positive electrode active
materal, the coating properties and the cyclic properties have 55
been improved, but, the safety, the volume capacity density
and the weight capacity density, have not yet been fully sat-
1sfactory.

Further, 1n order to improve the weight capacity density
and the charge and discharge cyclic properties of the positive 60
clectrode, JP-A-2000-82466 proposes a positive electrode
active material wherein the average particle size of lithium-
cobalt composite oxide particles 1s from 0.1 to 50 um, and at
least two peaks are present in the particle size distribution.
Further, 1t has been proposed to mix two types of positive 65
clectrode active materials having different average particle
s1Zes to prepare a positive electrode active material wherein at

2

least two peaks are present in the particle size distribution. In
such a proposal, there may be a case where the weight capac-

ity density and the charge and discharge cyclic properties of
the positive electrode can be improved, but on the other hand,
there 1s a complication that the positive electrode material
powders having two types of particle size distributions have
to be produced, and one satistying all of the volume capacity
density, the safety, the coating uniformity, the weight capacity
density and the cyclic properties of the positive electrode, has
not yet been obtained.

Further, 1n order to solve the problem related to the battery
characteristics, JP-A-3-201368 proposes to replace 5 to 35%
of Co atoms with W, Mn, Ta, T1 or Nb to improve the cyclic
properties. Further, JP-A-10-312805 proposes to use hexago-
nal L1CoQO, as a positive electrode active material to improve
the cyclic properties, wherein the ¢ axis length of the lattice
constant is at most 14.051 A, and the crystal lattice size of
(110) direction of the crystal lattice 1s from 45 to 100 nm.

Further, JP-A-10-72219 proposes that a lithium-cobalt
composite oxide of the formula LiNi,_ N O, (wherem
0<x<1.1, 0=y=1), of which the primary particles are plate-
like or columnar, the ratio of (volume basis cumulative 95%
s1ze—volume basis cumulative 5% size)/(volume basis cumu-
lative 5% si1ze) 1s at most 3, and further, the average particle
s1ze 1s from 1 to S0 um, has a high 1nitial discharge capacity
per weight and further 1s excellent in the charge and discharge
cyclic durability.

However, 1n the prior art, there has been no lithium sec-
ondary battery using a lithium-cobalt composite oxide as a
positive electrode active material, which suificiently satisfies
all of the volume capacity density, the safety, the coating
uniformity, the cyclic properties and further the low tempera-
ture properties.

DISCLOSURE OF THE INVENTION

It 1s an object of the present invention to provide a positive
clectrode active material for a lithium secondary battery,
which has alarge volume capacity density and high safety and
1s excellent 1n the charge and discharge cyclic durability, a
positive electrode for a lithium secondary battery employing,
it, and a lithium secondary battery.

The present inventors have continued extensive studies to
achieve the above object and as a result, have found that a
positive electrode active material containing a lithium-cobalt
composite oxide having a specific composition and compris-
ing a mixture contaimng first particles of lithium-cobalt com-
posite oxide being hard and substantially spherical and hav-
ing such a sharp particle size distribution that the volume
basis cumulative size D10 1s at least 50% of the average
particle size D50 and the volume basis cumulative size D90 1s
at most 150% of the average particle size D50, and second
particles of lithium-cobalt composite oxide filling the space
among the first particles, 1n a specific proportion of the first
particles and the second particles, has a compacted dense
structure and thereby has large volume capacity density and
press density, and the above object can be achieved by the
positive electrode active matenal.

Namely, the present invention 1s essentially directed to the
following.

(1) A positive electrode active material for a lithium sec-
ondary battery, which comprises a lithium-cobalt composite
oxide represented by the tormula L1, Co M O.F  (wherein M
1s a transition metal element other than Co or an alkaline earth
metal element, 0.9=p=1.1, 0.980=x=1.000, 0=y=0.02,
1.9=z=2.1, x+y=1 and 0=a=0.02) and comprising a mix-
ture containing substantially spherical first particles of
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lithium-cobalt composite oxide having such a sharp particle
s1ze distribution that the volume basis cumulative size D10 1s
at least 50% of the average particle size D30, and the volume
basis cumulative size D90 1s at most 150% of the average
particle s1ze D50, and second particles of lithium-cobalt com-
posite oxide filling the space among the above lithium-cobalt
composite oxide particles, in a mass ratio of first particles/first
particles of from 1/2 to 9/1.

(2) The positive electrode active material according to the
above (1), wherein 1n the formula, M 1s at least one member
selected from the group consisting of 11, Zr, Hi, V, Nb, Ta,
Mn, Mg, Ca, Sr, Ba and Al.

(3) The positive electrode active material according to the
above (1) or (2), wherein the average particle size D50 1s from
5 to 15 um, the specific surface area is from 0.3 to 0.7 m°/g,
the half value width of the diffraction peak on (110) plane at
20=66.5+1° 1s from 0.07 to 0.14° as measured by X-ray
diffraction using CuKa. as a radiation source, and the press
density is from 3.1 to 3.4 g/cm”.

(4) The positive electrode active material according to any
one of the above (1) to (3), wherein the first particles are large
particles having an average particle size D30 of from 7 to 20
um, and the second particles are small particles having an
average particle size of from 10 to 30% of D50 of the first
particles.

(5) The positive electrode active material according to any
one of the above (1) to (4), wherein the large particles have a
press density of from 2.9 to 3.2 g/cm”, and the small particles
have a press density of from 2.7 to 3.1 g/cm”.

(6) A process for producing the positive electrode active
material for a lithtum secondary battery as defined 1n any one
of the above (1) to (3), which comprises firing, as a cobalt
source, a mixture of substantially spherical large particle size
cobalt hydroxide or tricobalt tetraoxide having such a sharp
particle size distribution that the average particle size D50 1s
from 7 to 20 um, the average particle size D10 1s at least 50%
of the average particle size D30, and the average particle size
D90 1s at most 150% of the average particle size D50, and
small particle size cobalt hydroxide or tricobalt tetraoxide
having an average particle size D50 of from 10 to 30% of the
average particle size D30 of the large particles, 1n a proportion
of from 9:1 to 1:2 as the cobalt atomic ratio, at a temperature
of from 700° C. to 1050° C. 1n an oxygen-containing atmo-
sphere.

(7) The production process according to the above (6),
wherein the large particle size cobalt hydroxide or tricobalt
tetraoxide has apress density of from 1.7 to 3.0 g/cm”, and the
small particle size cobalt hydroxide or tricobalt tetraoxide has
a press density of from 1.7 to 3.0 g/cm”.

(8) The production process according to the above (6) or
(7), wherein each of the large particle size cobalt hydroxide or
tricobalt tetraoxide and the small particle size cobalt hydrox-
ide or tricobalt tetraoxide has a specific surface area of from
2 to 20 m*/g.

(9) The production process according to any one of the
above (5) to (8), wherein the large particle size or small
particle size cobalt hydroxide has a half value width of the
diffraction peak on (001) plane at 26=19+1° of from 0.18 to
0.35° and a half value width of the diffraction peak on (101)
plane at 20=38+1° of from 0.15 t0 0.35°, 1n an X-ray diffrac-
tion spectrum using CuKa-ray.

(10) A process for producing the positive electrode active
material for a lithtum secondary battery as defined 1n any one
of the above (1) to (3), which comprises firing, as a cobalt
source, a mixture of substantially spherical cobalt hydroxide
or tricobalt tetraoxide having such a sharp particle size dis-
tribution that the average particle s1ze D50 1s from 7 to 20 um,
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the average particle size D10 1s at least 50% of the average
particle size D50, the average particle size D90 1s at most

150% of the average particle size D50, and the average par-
ticle size of secondary particles formed by agglomeration of
primary particles 1s from 8 to 20 um, and cobalt oxyhydroxide
having an average particle size of secondary particles formed
by agglomeration of primary particles of from 7 to 20 um, in
a proportion of from 5:1 to 1:5 as the cobalt atomic ratio, at a
temperature of from 700° C. to 1050° C. 1n an oxygen-con-
taining atmosphere.

(11) The production process according to the above (10),
wherein the cobalt oxyhydroxide has a half value width of the
diffraction peak on (220) plane at 26=31x1° of at least 0.8°
and a half value width of the diffraction peak on (311) plane
at 20=37x1° of at least 0.8°, 1n an X-ray diffraction spectrum
using CuKa-ray, and has a specific surface area of from 10 to
80 m*/g.

(12) The production process according to the above (10) or
(11), wherein as the cobalt hydroxide, substantially spherical
cobalt hydroxide having a half value width of the diffraction
peak on (001) plane at 20=19+1° of at least 0.15° and a half
value width of the diffraction peak on (101) plane at
20=38x1° of at least 0.15°, 1n an X-ray diffraction spectrum
using CuKao-ray, and having a specific surface area of from 2
to 30 m*/g, is used.

(13) The production process according to any one of the
above (10) to (12), wherein the tricobalt tetraoxide has a half
value width of the diffraction peak on (220) plane at
20=31x1° of at least 0.08° and a half value width of the
diffraction peak on (311) plane at 20=37x1° of at least 0.10°,
in an X-ray diffraction spectrum using CuKa.-ray, and has a
specific surface area of from 2 to 10 m*/g.

(14) The production process according to any one of the
above (10) to (13), wherein the cobalt hydroxide or the trico-
balt tetraoxide has a press density of from 1.2 to 2.5 g/cm”.

(15) The production process according to any one of the
above (10) to (14), wherein the lithium-cobalt composite
oxide has a half value width of the diffraction peak on (110)
plane of from 0.07 to 0.14°, a specific surface area of from 0.3
to 0.7 m*/g, a heat generation starting temperature of at least
160° C., and a press density of from 3.1 to 3.4 g/cm”.

(16) A positive electrode for a lithium secondary battery,
which contains the positive electrode active material as
defined 1n any one of the above (1) to (4).

(17) A positive electrode for a lithium secondary battery,
which contains a positive electrode active material produced
by the production process as defined 1n any one of the above
(5) to (15).

(18) A lithium secondary battery employing the positive
clectrode active material as defined 1n the above (16) or (17).

BEST MODE FOR CARRYING OUT TH
INVENTION

(L.

The lithtum-cobalt composite oxide for a positive electrode
of a lithtum secondary battery produced 1n the present mnven-
tion 1s represented by the formula Li,Co M, OF, . In the
formula, M, p, X, v, z and a are as defined above. Particularly,
P, X, vV, Z and a are preferably as follows. 0.97=p=1.03,
0.990=x=1.0, 0.0005=y=0.01, 1.95=7z=2.05, x+y=1 and
0.0001 =a=0.01. Here, when a 1s larger than O, 1t 1s a com-
posite oxide having some of its oxygen atoms substituted by
fluorine atoms. In such a case, the safety of the obtained
positive electrode active material will be improved.

Further, M 1s a transition metal element other than Co, oran
alkaline earth metal. The transition metal element represents

a transition metal of Group 4, Group 35, Group 6, Group 7,
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Group 8, Group 9, Group 10 or Group 11 of the Periodic
Table. Among them, M 1s preferably at least one element
selected from the group consisting of 11, Zr, Hi, V, Nb, Ta,
Mg, Ca, Sr, Ba and Al. Among them, T1, Zr, HI, Mg or Al 1s
preferred from the viewpoint of the volume development
properties, the safety, the cyclic durability, eftc.

In the present invention, 1n a case where the above element
M and/or F i1s contained, each of the element M and F 1s
preferably present on the surface of the lithium cobalt oxide
particles. IT 1t 1s present 1n the interior of the particles, not only
the eflect of improving the battery characteristics tends to be
small, but also the battery characteristics may decrease 1n
some cases. By the presence of these elements on the surface,
the important battery characteristics such as the safety or the
charge and discharge cyclic properties can be improved by an
addition of a small amount without bringing about the reduc-
tion of the battery performance. The presence of these ele-
ments on the surface can be judged by carrying out a spec-
troscopic analysis such as a XPS analysis with respect to the
positive electrode particles.

The positive electrode for a lithium secondary battery of
the present mmvention 1s a lithtum-cobalt composite oxide
having the above composition, comprising a mixture of sub-
stantially spherical first particles of lithium-cobalt composite
oxide having such a sharp particle size distribution that the
volume basis cumulative size D10 1s at least 50% of the
average particle size D50 and the volume basis cumulative
s1ze D90 1s at most 150% of the average particle s1ze D50, and
second particles of lithtum-cobalt composite oxide filling the
space among the above lithtum-cobalt composite oxide par-
ticles. The first particles are required to have a narrow particle
s1ze distribution so as to achieve a large volume capacity
density. With respect to the particle size distribution, D10 1s
preferably at least 50%, particularly preferably at least 65%
of the above D30, and D90 1s preferably at most 150%,
particularly preferably at most 135% of the above D50. Fur-
ther, the surface of the first particles 1s preferably as smooth as
possible.

In the present invention, the average particle sizes D10,
D50 and D90 are volume basis particle sizes with respect to
the particle size of secondary particles formed by agglomera-
tion and sintering of primary particles, and respectively mean
the volume basis cumulative 10% size (D10), 50% size (D50)
and 90% size (D90) as particle sizes at points 10%, 50% and
90% 1n a cumulative curve prepared by obtaining the particle
s1ze distribution on the basis of the volume and bringing the
total volume to 100%. The particle size distribution can be
obtained by a frequency distribution and cumulative volume
distribution curve measured by a laser scattering particle size
distribution measuring apparatus. For measurement of the
particle size, the particles are suificiently dispersed in an
aqueous medium by e.g. ultrasonic treatment and the particle
s1ze distribution 1s measured (for example, Microtrac HRAX-
100 manufactured by Leeds & Northrup 1s used). Further, 1n
the present invention, the first particles being substantially
spherical mean that the major axis/minor axis of the particles,
1.€. the aspect ratio 1s preferably from 2/1 to 1/1, particularly
preferably from 1.5/1 to 1/1. The first particles preterably
have a shape as close to spheres as possible. The small par-
ticles of lithium-cobalt composite oxide do not necessarily
have a specific shape but they may have various shapes such
as spheres, columns and blocks.

The mixture ratio of the first particles and the second par-
ticles 1s required to be from 1/2 to 9/1 on the basis of mass. IT
the mixture ratio of the former/the latter 1s lower than 1/2, the
press density of the mixture tends to decrease, and on the
other hand, 11 1t 1s higher than 9/1, the press density of the

10

15

20

25

30

35

40

45

50

55

60

65

6

mixture tends to decrease. The mixture ratio of the former/the
latter 1s preferably from 6/4 to 85/135, particularly pretferably
from 7/3 to &/2.

In the present invention, the first particles are preferably
large particles of lithium-cobalt composite oxide, and the
second particles are preferably small particles of lithium-
cobalt composite oxide. The large particles are required to
have an average particle size D30 of from 7 to 20 um and a
substantially spherical shape. If the average particle size D30
1s smaller than 7 um, the press density of the mixed powder
tends to be low, and on the other hand, 1f the average particle
s1ze D30 1s larger than 20 um, the discharge properties at a
large current tend to decrease. Particularly, 1t tends to be
difficult to achieve a volume capacity density. Especially, the
average particle size D50 of the large particles 1s preferably
from 9 to 15 um, particularly preferably from 10 to 14 um.

On the other hand, the small particles preferably have an
average particle size D30 of from 10 to 30% of D30 of the
above large particles. If the average particle size D50 of the
small particles 1s smaller than 10% of D50 of the large par-
ticles, the press density of the mixture tends to decrease, and
the safety tends to decrease. On the other hand, 1f 1t 1s larger
than 30% o1 D50 of the large particles, the efiect of improving
the press density of the mixture tends to decrease. Accord-
ingly, the average particle size D30 of the small particles 1s
preferably from 15 to 25% of D50 of the large particles.

Further, the large particles and the small particles of
lithium-cobalt composite oxide preferably have press densi-
ties of from 2.8 to 3.2 g/cm” and from 2.7 to 3.2 g/cm’,
respectively. In the present invention, the press density means
an apparent press density when the particle powder 1s press-
compressed under a pressure of 0.3 t/cm”, unless otherwise
specified. If the press density of the large particles or the small
particles 1s lower than the above range, the press density of the
mixture tends to decrease, and on the other hand, 11 1t1s higher
than the above range, the discharge properties at a large cur-
rent tend to decrease. It1s preferred that the large particles and
the small particles have press densities of from 2.9 to 3.1
g/cm” and from 2.8 to 3.0 g/cm’, respectively. Further, the
lithiuml composite oxide has a remaining alkali amount con-
tained therein of preferably at most 0.02 mass %, particularly
preferably at most 0.01 mass %.

The positive electrode active material comprising the
lithium-cobalt composite oxide of the present invention may
be produced by various processes. One of preferred processes
1s that the first particles and the second particles of the
lithium-cobalt composite oxide are produced and mixed, and
the obtained mixture 1s pressed. The first particles and the
second particles are produced by various methods, and the
production methods are not particularly limited, however,
they are produced pretferably as follows. For example, a mix-
ture contaiming a cobalt source, a lithium source, and an
clement M source and a fluorine source used as the case
requires, 1s fired 1n an oxygen-containing atmosphere. The
cobalt source may, for example, be tricobalt tetraoxide, cobalt
oxyhydroxide or cobalt hydroxide, and the lithtum source
may, for example, be lithium carbonate or lithium hydroxide.
At that time, the physical property values such as the size, the
shape and the particle size distribution of the lithium-cobalt
composite oxide particles to be produced can be controlled
particularly by controlling the particle size, the particle shape,
the particle size distribution and the specific surface area of
the above cobalt source.

As another pretferred process for producing the positive
clectrode active material comprising the lithtum-cobalt com-
posite oxide of the present invention, the following process
may be mentioned. Namely, substantially spherical large par-




US 7,981,547 B2

7

ticles of cobalt hydroxide or tricobalt tetraoxide having such
a sharp particle size distribution that the average particle size
D50 1s from 7 to 20 um, the average particle size D10 1s at
least 50% of the average particle size D30, and the average
particle size D90 1s at most 150% of the average particle size
D50, and small particles of cobalt hydroxide or tricobalt
tetraoxide having an average particle size D50 of from 10 to
30% of the average particle size D50 of the large particles are
mixed 1n a proportion of from 9:1 to 1:2 as the cobalt atomic
ratio. A mixture comprising the obtamned mixture and a
lithium source, and a material of the element M and a fluorine
source used as the case requires, added, 1s fired 1n an oxygen-
containing atmosphere at from 700 to 1,050° C., particularly
preferably from 900 to 1,000° C., for preterably from 5 to 20
hours.

In such a case, the large particles of cobalt hydroxide or
tricobalt tetraoxide are required to have an average particle
s1ze D10 of at least 50% of the average particle size D50 and
an average particle size D90 of at most 150% of the average
particle size D50, whereby an eflfect of improving the press
density of the positive electrode will be obtained. Further, 1t 1s
preferred that the large particles of cobalt hydroxide or trico-
balt tetraoxide have a press density of from 1.7 to 3.0 g/cm’
and that the small particles of cobalt hydroxide or tricobalt
tetraoxide have a press density of from 1.7 to 3.0 g/cm’.
Further, 1t 1s preferred that each of the large particles and the
small particles of cobalt hydroxide or tricobalt tetraoxide
have a specific surface area of from 2 to 20 m*/g.

Further, the large particles of cobalt hydroxide or the small
particles of cobalt hydroxide have, in an X-ray diffraction
spectrum using CuKao.-ray, a half value width of the diffrac-
tion peak on (001) plane at 20=19.1x£1° of preferably from
0.18 to 0.35°, particularly preferably from 0.22 to 0.30°, and
a halfl value width of the diffraction peak on (101) plane at
20=38x1° of preferably from 0.15 to 0.35°, particularly pret-
erably from 0.18 to 0.30°. When the half value widths are
within the above ranges, effects of improving the satety and
the press density of the positive electrode will be obtained.

Still another preferred process for producing the positive
clectrode active material comprising the lithium-cobalt com-
posite oxide of the present invention 1s as follows. Namely, as
a cobalt source, a mixture containing substantially spherical
cobalt hydroxide or tricobalt tetraoxide having such a sharp
particle size distribution that the average particle size D50 1s
from 7 to 20 um, the average particle size D10 1s at least 50%
of the average particle size D50, the average particle size D90
1s at most 150% of the average particle size D50, and the
average particle size of secondary particles formed by
agglomeration of primary particles 1s from 8 to 20 um, and
cobalt oxyhydroxide having an average particle size of sec-
ondary particles formed by agglomeration of primary par-
ticles of from 7 to 20 um, 1n a proportion of from 5:1 to 1:35 as
the cobalt atomic ratio, 1s used, and the mixture 1s fired 1n an
oxygen-containing atmosphere at from 700 to 1,050° C.

The cobalt oxyhydroxide 1s required to have an average
particle size of secondary particles formed by agglomeration
of primary particles of from 7 to 20 um, preferably from 9 to
14 um. If the average particle size of the secondary particles
1s smaller than 7 um, the press density of the positive elec-
trode tends to decrease, and on the other hand, 11 it exceeds 20
um, the large current discharge properties tend to decrease. In
the present invention, the shape of the particles being sub-
stantially spherical includes a spherical shape, a rugby ball
shape, a polygonal shape, etc. The major axis/minor axis, 1..
the aspect ratio 1s preferably from 3/1 to 1/1, particularly
preferably from 2.0/1 to 1/1. Especially, the particles prefer-
ably have a shape as spherical as possible.
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The cobalt oxyhydroxide has, 1n an X-ray diffraction spec-
trum using CuKa-ray, a half value width of the diffraction
peak on (220) plane at 20=31x1° of preferably at least 0.8°,
particularly preferably at least 1.0°, and have a half value
width of the diffraction peak on (311) plane at 20=37x1° of
preferably at least 0.8°, particularly preferably atleast 1.1°. IT
the half value width out of the above range, the powder will be
bulky during lithiation, the discharge properties may
decrease, or the safety may deteriorate. Further, the specific
surface area is preferably from 10 to 80 m*/g, particularly
preferably from 30 to 60 m~/g.

The cobalt hydroxide or tricobalt tetraoxide to be mixed
with the cobalt oxyhydroxide is required to have a substan-
tially spherical shape with an average particle size of second-
ary particles formed by agglomeration of primary particles of
from 7 to 20 um, preferably from 9 to 15 um. If the average
particle size of the secondary particles 1s smaller than 8 um,
the press density of a lithiated product tends to decrease. On
the other hand, 111t exceeds 20 um, the discharge properties at
a large current may decrease, or a smooth electrode surface 1s
hardly formed. The shape of such particles 1s also preferably
substantially spherical.

The cobalt hydroxide or tricobalt tetraoxide preferably has
a narrow particle size distribution. In such a case, the pro-
duced cobalt-lithium composite oxide has a press density
higher than expected. It 1s considered to be because when the
particle size distribution 1s narrow, the cobalt hydroxide or
tricobalt tetraoxide 1tself 1s likely to be highly packed when a
pressure 1s applied from the outside, and thus a high packing
fraction of secondary particles can be obtained. Accordingly,
the cobalt hydroxide or tricobalt tetraoxide has an average
particle size D10 of at least 50%, preferably at least 65% of
the average particle size D50, and an average particle size
D90 of at most 150%, preferably at most 135% of the average
particle size D30. Further, the cobalt hydroxide or the trico-
balt tetraoxide preferably has a press density of from 1.2 to
2.5 g/cm’.

Further, the cobalt hydroxide has, 1n an X-ray diffraction
spectrum using CuKa-ray, a half value width of the diffrac-
tion peak on (001) plane at 20=19+1° of preferably at least
0.15°, particularly preferably at least 0.20°, and a half value
width of the diffraction peak on (101) plane at 20=38+1° of
preferably at least 0.15°, particularly preferably atleast 0.20°.
Further, the specific surface area 1s preferably from 2 to 30
m*/g, particularly preferably from 3 to 8 m*/g.

On the other hand, the tricobalt tetraoxide has, 1n an X-ray
diffraction spectrum using CuKa-ray, a half value width of
the diffraction peak on (220) plane at 20=31x1° of preferably
at least 0.08°, particularly preferably at least 0.10°, and a half
value width of the diffraction peak on (311) plane at
20=37x1° of preferably at least 0.1°, particularly preferably
at least 0.12°. Further, the specific surface area 1s preferably
from 2 to 10 m*/g, particularly preferably from 3 to 8 m*/g.

In the present invention, a mixture containing the cobalt
oxyhydroxide and the cobalt hydroxide or tricobalt tetraox-
ide, 1s used as a cobalt source. In this case, the proportion of
the former/the latter 1s from 5/1 to 1/5 on the basis of the
cobalt atomic ratio. If the proportion 1s higher than 5/1, the
press density of the positive electrode powder tends to
decrease, and on the other hand, if 1t 1s lower than 1/5, the
press density of the positive electrode powder tends to
decrease. Especially, the proportion 1s preferably from 2/1 to
1/3.

The cobalt oxyhydroxide, cobalt hydroxide and tricobalt
tetraoxide having the above specific physical properties, to be
used for production of the lithium-cobalt composite oxide of
the present mvention may be produced by various methods,
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and the production methods are not particularly limited. For
example, the cobalt oxyhydroxide 1s prepared by adding an
oxidizing agent and caustic soda and ammonium hydroxide
to an aqueous solution containing bivalent cobalt such as
cobalt chloride or cobalt sulfate. Otherwise, 1t may be pro-
duced by a method of firstly preparing cobalt hydroxide with-
out adding an oxidizing agent and then reacting an oxidizing
agent. Further, with respect to the cobalt hydroxide, by con-
tinuously mixing a mixture of an aqueous cobalt sulfate solu-
tion and ammonium hydroxide, with an aqueous sodium
hydroxide solution, a slurry containing cobalt hydroxide can
casily be produced. And, at that time, by changing reaction
conditions such as the pH or stirring, the cobalt hydroxide
having the physical properties of the present invention can be
obtained. Further, the tricobalt tetraoxide 1s also produced,
for example, by oxidizing the cobalt hydroxide, and at that
time, by changing the crystal structure of the cobalt hydroxide
as a material or the oxidizing conditions, various oxides may
be produced.

In the present invention, preferred as the lithium source 1s
lithium carbonate. It a lithtum source other than lithium car-
bonate, for example lithium hydroxide 1s used, the material
will be expensive. The lithium carbonate 1s preferably 1n a
form of a powder having an average particle size D30 of from
1 to 50 um and a specific surface area of from 0.1 to 10 m*/g.
On the other hand, the material of the element M used as the
case requires, a hydroxide, an oxide, a carbonate or a fluoride
1s preferably selected. As the fluorine source, a metal fluoride,
LiF, MgF, etc. 1s selected.

Preferably, the lithium-cobalt composite oxide of the
present mnvention thus produced, has an average particle size
D50 of preferably from 5 to 15 um, particularly preferably
from 8 to 12 um, a specific surface area of preferably from 0.3
to 0.7 m*/g, particularly preferably from 0.4 to 0.6 m*/g, a
half value width of the diffraction peak on (110) plane at
20=66.5+1° of preferably from 0.07 to 0.14°, particularly
preferably from 0.08 to 0.12° as measured by means of X-ray
diffraction using CuKao as a radiation source, and a press
density of preferably from 3.15 to 3.40 g/cm”, particularly
preferably from 3.20 to 3.35 g/cm’. Further, the lithium-
cobalt composite oxide of the present invention has a remain-
ing alkali amount contained therein, of preferably at most
0.03 mass %, particularly preferably at most 0.01 mass %.

To produce a positive electrode for a lithium secondary
battery from the lithium-cobalt composite oxide of the
present invention, a carbon type conductive material such as
acetylene black, graphite or Ketjenblack and a binding mate-
rial are mixed with a powder of the composite oxide. As the
binding matenial, preferably polyvinylidene fluoride, polytet-
rafluoroethylene, polyamide, carboxymethyl cellulose or
acrylic resin may, for example, be used. The powder of the
lithium-cobalt composite oxide, the conductive material and
the binding material are formed into a slurry or a kneaded
product by using a solvent or a dispersion medium, which 1s
supported on a positive electrode current collector such as
aluminum {foil or stainless steel o1l by e.g. coating to form a
positive electrode plate for a lithium secondary battery.

In a lithium secondary battery using the lithium-cobalt
composite oxide of the present invention as the positive elec-
trode active matenal, as the separator, a porous polyethylene
or a porous propylene film may be used. Further, as a solvent
ol the electrolyte solution of the battery, various solvents may
be used. However, a carbonate ester 1s preferred. As the car-
bonate ester, each of a cyclic type and a chain type can be
used. As the cyclic carbonate ester, propylene carbonate or
cthylene carbonate (EC) may, for example, be mentioned. As
the chain carbonate ester, dimethyl carbonate, diethyl carbon-
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ate (DEC), ethyl methyl carbonate (EMC), methyl propyl
carbonate or methyl 1sopropyl carbonate may, for example, be

mentioned.

In the present invention, the carbonate ester may be used
alone or by mixing at least two types. Further, 1t may be used
by mixing with another solvent. Further, according to the
material of the negative electrode active matenial, 1f the chain
carbonate ester 1s used together with the cyclic carbonate
ester, there 1s a case where the discharge properties, the cyclic
durability or the charge and discharge eflficiency can be
improved.

Further, 1n the lithium secondary battery using the lithium-
cobalt composite oxide of the present invention as the positive
clectrode active material, a gel polymer electrolyte contain-
ing a vinylidene fluoride-hexafluoropropylene copolymer
(for example, KYNAR manufactured by ELF Atochem) or a
vinylidene fluoride-pertluoropropyl vinyl ether copolymer
may be employed. As the solute to be added to the electrolyte
solvent or the polymer electrolyte, at least one member of
lithium salts 1s preferably used, wherein e.g. ClO,—,
CF,SO,—, BF,—, PF—, AsF.—, SbF . —, CF,CO,— or
(CF;SO,),N 1s anion. It 1s preferably added at a concentration
of from 0.2 to 2.0 mol/L to the electrolyte solvent or the
polymer electrolyte comprising the lithium salt. If the con-
centration departs from this range, 1onic conductivity will
decrease, and the electrical conductivity of the electrolyte
will decrease. More preferably, 1t 1s from 0.5 to 1.5 mol/L.

In the lithium battery using the lithium-cobalt composite
oxide of the present invention as the positive electrode active
material, as the negative electrode active material, a material
which can occlude and discharge lithium 10ns may be used.
The material forming the negative electrode active material 1s
not particularly limited, however, lithium metal, a lithium
alloy, a carbon material, an oxide comprising, as a main body,
a metal of Group 14 or Group 15 of the Periodic Table, a
carbon compound, a silicon carbide compound, a silicone
oxide compound, titamium sulfide or a boron carbide com-
pound may, for example, be mentioned. As the carbon mate-
rial, an organic material which 1s subjected to thermal decom-
position under various thermal decomposition conditions,
artificial graphite, natural graphite, soil graphite, exfoliated
graphite or squamation graphite etc. can be used. Further, as
the oxide, a compound comprising tin oxide as a main body
can be used. As the negative electrode current collector, a
copper foi1l, a nickel foil etc. can be used. The negative elec-
trode 1s produced preferably by kneading the active material
with an organic solvent to form a slurry, which 1s coated on the
metal fo1l current collector, dried and pressed.

The shape of the lithium battery using the lithium-cobalt
composite oxide of the present invention as the positive elec-
trode active material 1s not particularly limited. Sheet, film,
folding, winding type cylinder with bottom or button shape
etc. 1s selected according to use.

Now, the present invention will be explained 1n further
detail with reference to Examples. However, the present
invention1s by no means restricted to such specific Examples.
Examples 1to 4, 10to 13, 15to 21 and 25 to 277 are Examples
ol the present invention, and Examples 5109, 14 and 22 to 24
are Comparative Examples.

Example 1

A spherical cobalt hydroxide powder formed by agglom-
eration of primary particles having, in powder X-ray difirac-

tion using CuKa-ray, a half value width of the diffraction
peak on (001) plane at 20=19+1° of 0.28° and a half value

width of the diffraction peak on (101) plane at 20=38+1° of
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0.21°, average particle sizes D30 o1 16.7 um, D10 of 13.4 um
and D90 of 21.1 um, and a specific surface area of 3.6 m*/g,
and a lithium carbonate powder having a specific surface area
of 1.2 m*/g, were mixed. They were blended in such a mixture
ratio that the composition would be L1CoQO, after firing. After
dry mixing of these two types of powders, the mixture was
fired 1n the air atmosphere at 950° C. for 12 hours.

The fired product was crushed, and the particle size distri-
bution of the obtained large particle size L1CoQO., powder
tormed by agglomeration of primary particles was measured
by using a laser scattering type particle size distribution mea-
suring apparatus and as a result, the average particle size D30
was 13.4 um, D10 was 10.2 um, and D90 was 17.4 um, and a
large particle size spherical L1CoO, powder having a specific
surface area of 0.32 m*/g as obtained by BET method was
obtained. The L1CoO, powder had D10/D30 of 76% and
D90/D50 of 130%, and has a considerably narrow particle
s1ze distribution.

With respect to the LiCoO, powder, observation by an
clectron microscope at magnifications of 1,000 and 5,000 was
carried out, to measure the average of the proportion of the
major axis to the minor axis (aspect ratio) of 500 spherical
particles at each magnification. As a result, the average was
1.16, and the powder was found to have a shape close to
spheres. The surface was smooth. With respect to the L1CoO,
powder, an X-ray diffraction spectrum was obtained by using,
an X-ray diffraction apparatus (RINT 2100 manufactured by
Rigaku Corporation). In powder X-ray diffraction using
CuKa-ray, the half value width of the diffraction peak on
(110) plane at 20=66.5+1° was 0.089°. The above large par-
ticle size spherical LiCoO, powder will be referred to as
“powder A”.

On the other hand, a particulate cobalt hydroxide powder
having average particle sizes D50 of 0.6 um, D10 o1 0.3 um
and D90 of 1.3 um and a specific surface area of 17.1 m*/g,
and a lithium carbonate powder having a specific surface area
of 1.2 m*/g, were mixed. They were blended in such a mixture
ratio that the composition would be L1CoQO, after firing. After
dry mixing of these two types of powders, the mixture was
fired 1n the air atmosphere at 950° C. for 12 hours. The fired
product was crushed, and the particle size distribution of the
obtained small particle size L1CoO, powder was measured by
using a laser scattering type particle size distribution measur-
ing apparatus and as a result, the average particle size D50
was 2.6 um, D10 was 1.5 um and D90 was 5.6 um, and an
aggregated L1CoO, powder having a specific surface area of
0.53 m*/g as obtained by BET method was obtained.

With respect to this aggregated LiCoO,, powder, observa-
tion by an electron microscope at magnifications of 1,000,
5,000 and 10,000 was carried out and as a result, 1t was found
that from about 3 to about 20 particles of from 2 to 4 um were
agglomerated to form a non-spherical aggregate. With respect
to the L1CoO, powder, an X-ray diffraction spectrum was
obtained by using an X-ray diffraction apparatus (RINT 2100
manufactured by Rigaku Corporation). In powder X-ray dii-
fraction using CuKa.-ray, the half value width of the difirac-
tion peak on (110) plane at 20=66.5£1° was 0.097°. The
above small particle size spherical LiCoO, powder will be
referred to as “powder B”. The powder B had a D30 of 19%
of D50 of the powder A. 60 Parts by weight of the powder A
and 40 parts by weight of the powder B were mixed, and the
obtained mixed powder was pressed by an o1l hydraulic press-
ing machine under 0.3 t/cm?®, whereupon the apparent density
after pressing was 3.20 g/cm”. 10 g of the LiCoQ, powder was
dispersed 1n 100 g of pure water, and after {filtration, the
remaining alkali amount was obtained by potentiometric

titration with 0.1 N HCI and found to be 0.02 wt %.
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The above L1CoO, mixed powder, acetylene black and a
polyvinylidene tluoride powder were mixed 1n a mass ratio of
90/5/5, and N-methylpyrrolidone was added thereto to pre-
pare a slurry, which was coated on one side of an aluminum
fo1l having a thickness of 20 um by using a Doctor Blade.
After drying, roll press rolling was carried out once to prepare
a positive electrode body sheet for a lithium battery. The
density of the electrode layer was measured from the thick-
ness of the positive electrode body after rolling and the weight
per unit area of the electrode layer and found to be 3.37 g/cm”.

Then, using one punched out from the positive electrode
body sheet as a positive electrode, using a metal lithium foil
with a thickness of 500 um as a negative electrode, using 20
um of a nickel fo1l as a negative electrode current collector,
using a porous polypropylene with a thickness of 25 um as a
separator, and using as an electrolyte solution a 1M LiPF ./
EC+DEC (1:1) solution (it means a mixed solution of EC and
DEC 1n a mass ratio (1:1) comprising LiPF as a solute, the
same applies hereinafter), two pieces of simplifying sealed
cell type lithium batteries made of stainless steel were
assembled 1n an argon globe box.

One of these batteries employing the EC+DEC (1:1) solu-
tion as the electrolyte solution was charged up to 4.3V at a
load current o1 75 mA per 1 g of the positive electrode active
material at 25° C., and discharged down to 2.5V at a load
current of 75 mA per 1 g of the positive electrode active
material, whereby the mitial discharge capacity was obtained.
Further, the volume capacity density was obtained from the
density of the electrode layer and the capacity per weight.
With respect to thus battery, the charge and discharge cycle
test was further carried out 30 times. As a result, the initial
volume capacity density of the positive electrode layer at 25°
C. at a voltage of from 2.5 to 4.3 V was 451 mAh/cm’
clectrode layer, the mitial weight capacity density was 159
mAh/g-1.1C0o0O,, and the capacity retention ratio after 30
times ol charge and discharge cycle, was 97.3%. Further, with
respect to the other battery employing the EC+DEC (1:1)
solution as the electrolyte solution, the other battery was
charged for 10 hours at 4.3 V, and then broken down 1n the
argon globe box. The positive electrode body sheet was
picked up after charge, and aiter the positive electrode body
sheet was washed, 1t was punched out at a radius of 3 mm, and
then sealed 1n an aluminum capsule with EC. And then, 1t was
heated at a rate of 5° C./min by using a scanning differential
calorimeter, whereby the heat generation starting temperature
was measured. As a result, the heat generation starting tem-
perature of the 4.3 V charged product was 160° C.

Example 2

A mixed powder was obtained 1n the same manner as 1n
Example 1 except that 80 parts by weight of the powder A and
20 parts by weight of the powder B were mixed. The mixed
powder after pressing had an apparent density of 3.23 g/cm”.
Further, by using this powder, in the same manner as in
Example 1, a positive electrode was produced, batteries were
assembled, and the properties were measured. The weight
capacity density was 160 mAh/g, the capacity retention ratio
alter 30 times of charge and discharge cycle was 97.5%, and
the heat generation starting temperature was 163° C.

Example 3

A mixed powder was obtained 1n the same manner as 1n
Example 1 except that 40 parts by weight of the powder A and
60 parts by weight of the powder B were mixed. The mixed
powder after pressing had an apparent density of 3.13 g/cm”.
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Further, by using this powder, in the same manner as in
Example 1, a positive electrode was produced, batteries were
assembled, and the properties were measured. The weight
capacity density was 160 mAh/g, the capacity retention ratio
after 30 times of charge and discharge cycle was 97.2%, and
the heat generation starting temperature was 163° C.

Example 4

In Example 1, a spherical cobalt hydroxide powder from a
material having a different particle size distribution was used
as the material cobalt hydroxide for large particles, instead of
the powder A. In the same manner as in Example 1, the
powder was mixed with lithium carbonate and fired, and the
fired product was crushed, and the particle size distribution of
the obtained large particle size L1CoO, powder was measured
by using a laser scattering type particle size distribution mea-
suring apparatus and as a result, the average particle size D30
was 13.0 um, D10 was 7.9 um and D90 was 18.9 um, and a
large particle size spherical L1CoO, powder having a specific
surface area of 0.35 m®/g as obtained by BET method was
obtained. This L1CoO, powder had D10/D50 of 61% and
D90/D50 ot 145%, and has a narrow particle size distribution.

With respect to this LiCoO, powder, observation by an
clectron microscope at magnifications of 1,000 and 5,000 was
carried out to measure the average of the proportion of the
major axis to the minor axis (aspect ratio) of S00 spherical
particles at each magnification. As a result, the average was
1.14, and the particles were found to have a shape close to
spheres. The above large particle size spherical L1CoO, pow-
der will be referred to as “powder E”. A mixed powder was
obtained in the same manner as in Example 1 except that 60
parts by weight of the powder E and 40 parts by weight of the
powder B were mixed. The powder B had a D30 of 20% of
D50 of the powder E. The mixed powder after pressing had an
apparent density of 3.14 g/cm”.

Further, by using this powder, 1n the same manner as in
Example 1, a positive electrode was produced, batteries were
assembled, and the properties were measured. The weight
capacity density was 160 mAh/g, the capacity retention ratio
after 30 times of charge and discharge cycle was 97.4%, and
the heat generation starting temperature was 161° C.

Example 5

The apparent density after pressing obtained 1n the same
manner as in Example 1 except that the powder A alone was
used in Example 1 was 2.95 g/cm’”. By using this powder, in
the same manner as 1n Example 1, a positive electrode was
produced, batteries were assembled, and the properties were
measured. The 1nitial weight capacity density was 160 mAh/
g-1.1C00,, the capacity retention ratio after 30 times of
charge and discharge cycle was 97.1%, and the heat genera-

tion starting temperature of a 4.3 V charged product was 163°
C.

Example 6

The apparent density after pressing obtained 1n the same
manner as in Example 1 except that the powder B alone was
used in Example 1 was 2.78 g-cm”. By using this powder, in
the same manner as in Example 1, a positive electrode was

produced, batteries were assembled, and the properties were
measured. The mitial weight capacity density was 159 mAh/
g-1.1Co0,, the capacity retention ratio after 30 times of
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charge and discharge cycle was 97.0%, and the heat genera-
tion starting temperature of a 4.3 V charged product was 158°
C.

Example 7

A mixed powder was obtained 1n the same manner as 1n
Example 1 except that 20 parts by weight of the powder A and
80 parts by weight of the powder B were mixed in Example 1.
The mixed powder after pressing had an apparent density of
3.03 g/cm’. Further, by using this powder, in the same manner
as in Example 1, a positive electrode was produced, batteries
were assembled, and the properties were measured. The

weight capacity density was 159 mAh/g, the capacity reten-
tion ratio aiter 30 times of charge and discharge cycle was

9'7.0%, and the heat generation starting temperature was 159°
C.

Example 8

A mixed powder was obtained 1n the same manner as 1n
Example 1 except that 95 parts by weight of the powder A and
S parts by weight of the powder B were mixed in Example 1.
The mixed powder after pressing had an apparent density of
3.05 g/cm’. Further, by using this powder, in the same manner
as in Example 1, a positive electrode was produced, batteries
were assembled, and the properties were measured. The
welght capacity density was 159 mAh/g, the capacity reten-
tion ratio after 30 times of charge and discharge cycle was

977.0%, and the heat generation starting temperature was 1358°
C.

Example 9

The apparent density after pressing obtained 1n the same
manner as 1n Example 1 except that the powder E alone was
used in Example 4 was 3.02 g/cm’. Further, by using this
powder, 1n the same manner as in Example 1, a positive
clectrode was produced, batteries were assembled, and the
properties were measured. The weight capacity density was
159 mAh/g, the capacity retention ratio after 30 times of
charge and discharge cycle was 97.0%, and the heat genera-
tion starting temperature was 160° C.

Example 10

Commercially available cobalt hydroxide was used as
small particle size cobalt hydroxide. As a result of observa-
tion by a scanning electron microscope of the small particle
s1ze cobalt hydroxide, 1t was found that aggregated secondary
particles consisting of several to about twenty primary par-
ticles were formed. The cobalt hydroxide particles consisting
of the secondary particles had a specific surface area of 2.4
m~/g, and had an apparent density of 2.21 g/cm” after pressed
by an oil hydraulic pressing machine under 0.3 t/cm”. The
small particle size cobalt hydroxide had, in powder X-ray
diffraction using CuKo.-ray, a half value width of the difirac-
tion peak on (001) plane at 20=19x1° 010.16° and a halt value
width of the diffraction peak on (101) plane at 20=38+1° of
0.15°. The particle size distribution of the powder of the
secondary particles was measured by using a laser scattering
type particle size distribution measuring apparatus employ-
ing water as a dispersion medium and as a result, the average
particle s1ze D50 was 3.5 um, D10 was 0.3 um and D90 was
7.6 um.

On the other hand, a mixed liquid of an aqueous cobalt
sulfate solution and ammonium hydroxide, and an aqueous
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caustic soda solution, were continuously mixed to continu-
ously synthesize a cobalt hydroxide slurry by a known

method, and by means of aggregation, filtration and
steps, a large particle size substantially spherical
hydroxide powder was obtained. The obtained cobalt hydrox-
ide had, in powder X-ray difiraction using CuKao.-ray, a half
value width of the diffraction peak on (001) plane at
20=19x1° of 0.28° and a half value width of the diffraction
peak on (101) plane at 20=38+1° o1 0.21°. The particle size
distribution of the powder of the secondary particles was
measured by using a laser scattering type particle size distri-
bution measuring apparatus employing water as a dispersion

medium and as aresult, the average particle size D50 was 16.7
um, D10 was 13.4 um and D90 was 21.1 um, and D10 was

80% of D50 and D90 was 126% of D50. Further, the specific
surface area was 3.6 m~/g, the press density was 2.11 g/cm”,
and as a result of observation by a scanning electron micro-
scope, the powder was a cobalt hydroxide powder consisting
of substantially spherical large particles formed by strong
agglomeration of dozens or more needle primary particles.
Further, the aspect ratio was obtained with respect to 500
particles and as a result, the proportion of major axis/minor
axis was 1.20/1 on the average.

These two types of cobalt hydroxide powders and a lithium
carbonate powder having a specific surface area of 1.2 m*/g
were mixed. The mixture ratio of the large particle size cobalt
hydroxide to the small particle size cobalt hydroxide was
75:25 (weight rati0). The small particle size cobalt hydroxide
had a D30 of 21% of D50 of the large particle size cobalt
hydroxide. These two types of the cobalt hydroxide powders
and the lithium carbonate powder were blended 1n such a
mixture ratio that the composition would be L1CoO, after
firing. After dry mixing of these three types of powders, the
mixture was fired in the air atmosphere at 9350° C. for 12
hours. The fired product was crushed, and the particle size
distribution of the obtaimned LiCoO, powder formed by
agglomeration of the primary particles was measured by
using a laser scattering type particle size distribution measur-
ing apparatus employing water as a dispersion medium and as
a result, the average particle size D50 was 14.6 um, D10 was
12.1 um and D90 was 18.0 um, and a L1CoQO, powder having
a specific surface area of 0.37 m*/g as obtained by BET
method was obtained.

With respect to the LiCoO,, powder, an X-ray diffraction
spectrum was obtained by using an X-ray diffraction appara-
tus (RINT 2100 manufactured by Rigaku Corporation). In
powder X-ray diffraction using CuKa-ray, the half value
width of the diffraction peak on (110) plane at 20=66.5+1°
was 0.101°. The L1CoO,, powder had a press density of 3.27
g/cm”. The alkali content was 0.02 wt %.

By using the above Li1CoO,, powder, 1n the same manner as
in Example 1, a positive electrode was produced, batteries
were assembled, and the properties were measured. The 1ni-
tial volume capacity density was 465 mAh/cm’ electrode
layer, the mnitial weight capacity density was 160 mAh/g-
L1Co00,, the capacity retention ratio after 30 times of charge
and discharge cycle was 97.2, and the heat generation starting
temperature was 161° C.

Example 11

In the same manner as in Example 1 except that the mixture
ratio of the large particle size cobalt hydroxide to the small
particle size cobalt hydroxide was 50:50 (weight ratio) in
Example 10, a L1CoO, powder was synthesized. The small
particle size cobalt hydroxide had a D30 of 21% of D50 of the

large particle size cobalt hydroxide. The cobalt hydroxide
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powders and the cobalt carbonate were blended 1n such a
mixture ratio that the composition would be L1CoO, after
firing. L1CoO,, had average particle sizes D30 of 12.5 um,
D10 of 10.3 um and D90 of 17.2 um, and a L1CoQO, powder
having a specific surface area of 0.42 m?*/g as obtained by
BET method was obtained. With respect to the L1CoO, pow-
der, an X-ray diffraction spectrum was obtained by using an
X-ray diffraction apparatus (RINT 2100 manufactured by
Rigaku Corporation). In powder X-ray diffraction using
CuKa-ray, the half value width of the diffraction peak on
(110) plane at 20=66.5+1° was 0.102°. The obtained L1CoO,,
powder had a press density of 3.24 g/cm”.

By using this powder, 1n the same manner as in Example 1,
a positive electrode was produced, batteries were assembled,
and the properties were measured. The 1nitial weight capacity
density was 161 mAh/g-1.1CoQO,, and the capacity retention
ratio after 30 times of charge and discharge cycle was 97.5%.
Further, the heat generation starting temperature of a 4.3 V
charged product was 162° C.

Example 12

In Example 10, large particle size cobalt hydroxide was
fired 1n the air atmosphere at a firing temperature of 900° C.
for 12 hours to synthesize large particle size substantially
spherical tricobalt tetraoxide. The synthesized tricobalt tet-
raoxide had, in powder X-ray diffraction using CuKa.-ray, the
half value width of the diffraction peak on (220) plane at
20=31x1° of 0.15° and a half value width of the difiraction
peak on (311) plane at 20=37+1° of 0.16°. As a result of
measurement by using a laser scattering type particle size
distribution measuring apparatus employing water as a dis-
persion medium, the average particle size D50 was 15.5 um,
D10 was 12.8 um and D90 was 19.1 um, the specific surface
area was 3.6 m~/g, the press density was 2.30 g/cm?, and the
powder was a substantially spherical tricobalt tetraoxide
powder formed by strong agglomeration of needle primary
particles.

In the same manner as 1 Example 11 except that the
substantially spherical large particle size tricobalt tetraoxide
powder and the small particle size cobalt hydroxide of
Example 11 were used, a L1CoO, powder was synthesized.
The mixture ratio of the tricobalt tetraoxide powder to the

small particle size cobalt hydroxide of Example 11 was 75:235
as the cobalt atomic ratio. The small particle size cobalt
hydroxide had a D50 o1 23% of D50 of the large particle size
tricobalt tetraoxide. The cobalt hydroxide, the tricobalt tet-
raoxide and lithium carbonate were blended 1n such a mixture
ratio that the composition would be L1CoO, after firing. As a
result of measurement by using a laser scattering type particle
s1ze distribution measuring apparatus employing water as a
dispersion medium, L1C0QO,, had average particle sizes D50 of
14.3 um, D10 of 11.5 pm and D90 of 18.1 um, and a L1CoQO,
powder having a specific surface area of 0.40 m?*/g as
obtained by BET method was obtained. With respect to the
L1CoO,, powder, an X-ray diffraction spectrum was obtained
by using an X-ray diffraction apparatus (RINT 2100 manu-
factured by Rigaku Corporation). In powder X-ray diffraction
using CuKa-ray, the half value width of the diffraction peak
on (110) plane at 20=66.5x1° was 0.099°. The obtained
LiCoO, powder had a press density of 3.26 g/cm”.

By using this powder, 1n the same manner as in Example 1,
a positive electrode was produced, batteries were assembled,
and the properties were measured. The 1nitial weight capacity
density was 161 mAh/g-1.1CoQO,, the capacity retention ratio
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after 30 times of charge and discharge cycle was 97%. Fur-
ther, the heat generation starting temperature of a 4.3 V
charged product was 164° C.

Example 13

In the same manner as 1n Example 11 except that a titanium

oxide powder and a lithium fluoride powder were further
added when the two types of the cobalt hydroxide powders
and the lithtum carbonate powder were mixed 1n Example 10,
a positive electrode active material was synthesized. As a
result of elemental analysis, the positive electrode active
material was found to be LiCoj 99- 115 50307 00sF 5 005- 1he
fired product was crushed, and the particle size distribution of
the obtained powder of the above composition, formed by
agglomeration of primary particles, was measured by using a
laser scattering type particle size distribution measuring
apparatus employing water as a dispersion medium and as a
result, the average particle size D50 was 13.2 um, D10 was
10.1 pm and D90 was 16.3 um, and a substantially spherical
LiCoO, powder having a specific surface area 0of0.48 m*/g as
obtained by BET method was obtained.

With respect to the above powder, an X-ray diffraction
spectrum was obtained by using an X-ray diffraction appara-
tus (RINT 2100 manufactured by Rigaku Corporation). In
powder X-ray diffraction using CuKa-ray, the half value
width of the diffraction peak on (110) plane at 20=66.5+1°
was 0.125°. The powder had an apparent density of 3.26
g/cm’ after pressed by an oil hydraulic pressing machine
under 0.3 t/cm”. As a result of spectral analysis, titanium and
fluorine were found to be localized on the surface. The posi-
tive electrode had a remaining alkali amount of 0.02 mass %.

By using the above powder, in the same manner as in
Example 1, a positive electrode was produced, batteries were
assembled, and the properties were measured. The mitial
weight capacity density was 161 mAh/g-1.1Co0O,, and the
capacity retention ratio after 30 times of charge and discharge
cycle was 99.5%. Further, the heat generation starting tem-
perature of a 4.3 V charged product was 178° C.

Example 14

In the same manner as 1n Example 1 except that no small
particle size cobalt hydroxide was used and large particle size
tricobalt tetraoxide alone was used as a cobalt source in
Example 12, L1CoO, was synthesized. The tricobalt tetraox-
ide and the cobalt carbonate were blended in such a mixture
ratio that the composition would be LiCoQO, after firing. The
obtained L1CoO, powder had an apparent density of 2.95
g/cm” after pressing. By using this powder, in the same man-
ner as in Example 1, a positive electrode was produced, bat-
teries were assembled, and the properties were measured. The
initial weight capacity density was 161 mAh/g-1.1CoQO,, and
the capacity retention ratio after 30 times of charge and dis-
charge cycle was 97.2%. Further, the heat generation starting
temperature of a 4.3 V charged product was 162° C.

Example 15

A positive electrode active material was synthesized 1n the
same manner as in Example 13 except that aluminum hydrox-
ide was used instead of titanium oxide in Example 13. As a
result of chemical analysis, the positive electrode active mate-
rial was found to be LiCo, g6-Alj 00307 00sFo 00-, and the
powder had a press density of 3.25 g/cm”. Further, aluminum
and fluorine were found to be present on the surface. The
remaining alkali amount was 0.02 mass %.
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By using this powder, in the same manner as in Example 1,
a positive electrode was produced, batteries were assembled,
and the properties were measured. The 1mitial capacity was
160 mAh/g, the capacity retention ratio after 30 cycles was
99.3%, and the heat generation starting temperature was 179°

C.

Example 16

A positive electrode active material was synthesized in the
same manner as in Example 13 except that magnesium
hydroxide was used instead of titanium oxide 1n Example 13.
As aresult of chemical analysis, the positive electrode active
material was found to be L1Co, 56-MEq 50307 00sF 0 005, and
the powder had a press density of 3.25 g/cm’. Further, mag-
nesium and fluorine were found to be present on the surface.
The remaining alkali amount was 0.02 mass %.

By using this powder, 1n the same manner as in Example 1,
a positive electrode was produced, batteries were assembled,
and the properties were measured. The 1nitial capacity was
161 mAh/g, the capacity retention ratio after 30 cycles was
99.7%, and the heat generation starting temperature was 187°

C.

Example 17

A positive electrode active material was synthesized 1n the
same manner as in Example 13 except that zirconium oxide
was used mstead of titanium oxide 1n Example 13. As a result
of chemical analysis, the positive electrode active material
was found to be L1Co, 55-21 0301 00sF 5 00»» and the powder
had a press density of 3.26 g/cm”. Further, zirconium and
fluorine were found to be present on the surface. The remain-
ing alkali amount was 0.02 mass %. By using this powder, 1n
the same manner as in Example 1, a positive electrode was
produced, batteries were assembled, and the properties were
measured. The 1nitial capacity was 160 mAh/g, the capacity
retention ratio after 30 cycles was 99.5%, and the heat gen-
eration starting temperature was 174° C.

Example 18

A mixed liquid of an aqueous cobalt sulfate solution and
ammonium hydroxide and an aqueous caustic soda solution
were continuously mixed to continuously synthesize a cobalt
hydroxide slurry by a known method, and by means of
agglomeration, filtration and drying steps, a cobalt hydroxide
powder was obtained. The obtained cobalt hydroxide had, in
powder X-ray diffraction using CuKa-ray, a halt value width

of the diffraction peak on (001) plane at 20=19+1° of 0.28°
and a half value width of the diffraction peak on (101) plane
at 20=38x1° of 0.21°. The particle size distribution of the
powder of secondary particles was measured by using a laser
scattering type particle size distribution measuring apparatus
employing water as a dispersion medium and as a result, the
average particle size D50 was 16.5 um, D10 was 13.2 um and
D90 was 21.0 um, and accordingly D10 was 80% o1 D50 and
D90 was 127% of D50. Further, the tap density was 2.1 g/cm”,
the press density was 2.11 g/cm’, and the powder was a
substantially spherical cobalt hydroxide powder formed by
strong agglomeration of needle primary particles. 500 Cobalt
hydroxide particles were observed by a scanning electron
microscope and as a result, the aspect ratio (proportion of
major axis/minor axis) was 1.21, and the particles were sub-
stantially spherical.
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In the present invention, the tap density was obtained in
accordance with the heavy bulk density as defined 1 JIS

R9301-2-3.

Further, as cobalt oxyhydroxide, cobalt oxyhydroxide hav-
ing average primary particle sizes D500 11.7 um, D10 014.9
um and D90 of 16.5 um, having a half value width of the
diffraction peak on (220) plane at 20=31x1° of 1.32° and a
half value width of the diffraction peak on (311) plane at
20=37x1° of 1.35°, and having a specific surface area of 45
m~/g was used.

The above cobalt oxyhydroxide, the above cobalt hydrox-
ide and a lithium carbonate powder having a specific surface
area of 1.2 m*/g were mixed. The mixture ratio of the former
cobalt oxyhydroxide to the latter cobalt hydroxide was 50:50
(cobalt atomic ratio), and these two types of the cobalt mate-
rials and the lithium carbonate powder were blended 1n such
a mixture ratio that the composition would be L1CoO, after
firing. After dry mixing of these three types of powders, the
mixture was fired in the air atmosphere at 9350° C. for 12
hours. The fired product was crushed, and the particle size
distribution of the obtained LiCoO, powder formed by
agglomeration of primary particles was measured by using a
laser scattering type particle size distribution measuring
apparatus employing water as a dispersion medium and as a
result, the average particle size D50 was 11.5 um, D10 was
7.6 um and D90 was 18.5 um, and a L1CoO, powder having a
specific surface area of 0.37 m*/g as obtained by BET method
was obtained.

With respect to the obtained LiCoO, powder, an X-ray
diffraction spectrum was obtained by using an X-ray difirac-
tion apparatus (RINT 2100 manufactured by Rigaku Corpo-
ration). In powder X-ray diffraction using CuKa-ray, the half
value width of the diffraction peak on (110) plane at
20=66.5+x1° was 0.096°. The Li1CoO, powder had a press
density of 3.11 g/cm”.

By using the above Li1CoO,, powder, 1n the same manner as
in Example 1 except that roll press rolling was carried out five
times, a positive electrode was produced, batteries were
assembled, and the properties were measured. The mitial
volume capacity density was 513 mAh/cm” electrode layer,
the 1mitial weight capacity density was 161 mAh/g-1.1Co0O,,
and the capacity retention ratio after 30 times of charge and
discharge cycles was 97.3%. Further, the heat generation
starting temperature of a 4.3 V charged product was 162° C.

Example 19

In the same manner as 1n Example 18 except that the
mixture ratio of the former substantially spherical cobalt
hydroxide to the latter cobalt oxyhydroxide was 75:25 (cobalt
atomic rati0) 1n Example 18, a L1CoO, powder was synthe-
s1zed. The cobalt hydroxide, the cobalt oxyhydroxide and the
lithium carbonate were blended 1n such a mixture ratio that
the composition would be L1CoQO, after firing. [.1C00O,, had
average particle sizes D300113.3 um, D10 01 8.9 um and D90
of 18.9 um, and a L1CoO, powder having a specific surface
area of 0.34 m*/g as obtained by BET method was obtained.
With respect to the LiCoO, powder, an X-ray diffraction
spectrum was obtained by using an X-ray diffraction appara-
tus (RINT 2100 manufactured by Rigaku Corporation). In
powder X-ray diffraction using CuKa-ray, the half value
width of the diffraction peak on (110) plane at 20=66.5+1°
was 0.102°. The obtained L1CoO., powder had a press density
of 3.15 g/cm”.

By using this powder, 1n the same manner as 1n Example
18, a positive electrode was produced, batteries were
assembled, and the properties were measured. The 1nitial
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weight capacity density was 163 mAh/g-LL1CoQO,, and the
capacity retention ratio after 30 times of charge and discharge
cycle was 97.4%. Further, the heat generation starting tem-
perature of a 4.3 V charged product was 164° C.

Example 20

In Example 18, the obtained former substantially spherical
cobalt hydroxide was fired in the air atmosphere at 800° C. for
12 hours to synthesize substantially spherical tricobalt tet-
raoxide. The synthesized tricobalt tetraoxide had, 1n powder
X-ray diffraction using CuKa.-ray, a half value width of the
diffraction peak on (220) plane at 20=31x1° of 0.12° and a
half value width of the diffraction peak on (311) plane at
20=37x1° 01 0.13°. As a result of measurement by using a
laser scattering type particle size distribution measuring
apparatus employing water as a dispersion medium, the aver-
age particle size D50 was 15.0 um, D10 was 12.2 pm and D90
was 19.0 um, the specific surface area was 3.4 m*/g, the tap
density was 2.2 g/cm”, the press density was 2.30 g/cm”, and
the powder was a substantially spherical tricobalt tetraoxide
powder formed by strong agglomeration of needle primary
particles. As a result of observation by a scanning electron
microscope with respect to 500 particles, the aspect ratio
(proportion of major axis to minor axis) was 1.22:1.

In the same manner as 1 Example 18 except that the
substantially spherical tricobalt tetraoxide powder and the
cobalt oxyhydroxide of Example 18 were used, a L1CoO,
powder was synthesized. The mixture ratio of the tricobalt
tetraoxide powder to the cobalt oxyhydroxide of Example 18
was 1:1 by the weight ratio. The cobalt oxyhydroxide, the
tricobalt tetraoxide and the lithium carbonate were blended in
such a mixture ratio that the composition would be L1CoO,,
after firlng. As a result of measurement by using a laser
scattering type particle size distribution measuring apparatus
employing water as a dispersion medium, L1CoO, had aver-
age particle sizes D30 of 13.3 um, D10 of 6.5 pum and D90 of
18.3 um, and a L1CoO, powder having a specific surface area
of 0.35 m”/g as obtained by BET method was obtained.

With respect to the above powder, an X-ray diffraction
spectrum was obtained by using an X-ray diffraction appara-
tus (RINT 2100 manufactured by Rigaku Corporation). In
powder X-ray diffraction using CuKa-ray, the half value
width of the diffraction peak on (110) plane at 20=66.5+1°
was 0.098°. The obtained L1CoO.,, powder had a press density
of 3.14 g/cm”.

By using this powder, 1in the same manner as 1n Example
18, a positive electrode was produced, batteries were
assembled, and the properties were measured. The 1nitial
weight capacity density was 162 mAh/g-1.1CoQO,, and the
capacity retention ratio after 30 times of charge and discharge
cycle was 97.3%. Further, the heat generation starting tem-
perature of a 4.3 V charged product was 164° C.

Example 21

In the same manner as 1n Example 18 except that an alu-
minum hydroxide powder and a lithium fluoride powder were
turther added when the substantially spherical cobalt hydrox-
ide, the cobalt oxyhydroxide and the lithtum carbonate were
mixed 1n Example 18, a positive electrode active material was
synthesized. As a result of elemental analysis, the positive
clectrode  active  materital was found to  be
L1C0, 66-Al; 00307 00sF 00-- The fired product was crushed,
and the particle size distribution of the obtained powder
tformed by agglomeration of primary particles was measured
by using a laser scattering type particle size distribution mea-
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suring apparatus employing water as a dispersion medium
and as a result, the average particle size D50 was 13.2 um,
D10 was 7.3 um and D90 was 18.3 um, and the specific
surface area was 0.52 m”/g as obtained by BET method.

With respect to the above powder, an X-ray diffraction
spectrum was obtained by using an X-ray diffraction appara-
tus (RINT 2100 manufactured by Rigaku Corporation). In
powder X-ray diffraction using CuKa-ray, the half value
width of the diffraction peak on (110) plane at 20=66.5+1°
was 0.125°. The power had a press density of 3.13 g/cm”. As
a result of spectral analysis (XPS), aluminum and fluorine
were found to be present on the surface.

By using the above powder, in the same manner as in
Example 18, a positive electrode was produced, batteries
were assembled, and the properties were measured. The 1ni-
tial weight capacity density was 160 mAh/g, and the capacity
retention ratio after 30 times of charge and discharge cycle

was 99.6%. Further, the heat generation starting temperature
of a 4.3 V charged product was 178° C.

Example 22

In the same manner as in Example 1 except that the former
substantially spherical cobalt hydroxide was not used, and the
latter cobalt oxyhydroxide alone was used as a cobalt source
in Example 18, L1CoO, was synthesized. The cobalt oxyhy-
droxide and the cobalt carbonate were blended 1n such a

mixture ratio that the composition would be L1CoO, after
firing. The obtained Li1CoO, powder had a press density of
3.00 g/cm”.

By using this powder, in the same manner as in Example
18, a positive electrode was produced, batteries were
assembled, and the properties were measured. The mitial
weight capacity density was 160 mAh/g-L.1CoQO,, and the
capacity retention ratio after 30 times of charge and discharge
cycle was 97.0%. Further, the heat generation starting tem-
perature of a 4.3 V charged product was 163° C., and the
initial volume capacity density was 490 mAh/cm’.

Example 23

In the same manner as 1n Example 18 except that the latter
cobalt oxyhydroxide was not used, and the former substan-
tially spherical cobalt hydroxide alone was used as a cobalt
source 1n Example 18, L1CoO, was synthesized. The cobalt
hydroxide and the cobalt carbonate were blended 1n such a
mixture ratio that the composition would be L1CoO, after
firing. The obtained Li1CoO, powder had a press density of
2.95 g/cm”.

By using this powder, in the same manner as in Example
18, a positive electrode was produced, batteries were
assembled, and the properties were measured. The mitial
weight capacity density was 161 mAh/g-1.1Co0O,, and the
capacity retention ratio after 30 times of charge and discharge
cycle was 97.5%. Further, the heat generation starting tem-
perature of a 4.3 V charged product was 161° C.

Example 24

In the same manner as 1n Example 20 except that the latter
cobalt oxyhydroxide was not used, and the former tricobalt
tetraoxide alone was used as a cobalt source 1n Example 20,
[L1Co0, was synthesized. The tricobalt tetraoxide and the
cobalt carbonate were blended in such a mixture ratio that the
composition would be Li1CoO, aifter firing. The obtained
LiCoO, powder had a press density of 2.93 g/cm”.
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By using this powder, in the same manner as in Example 1,
a positive electrode was produced, batteries were assembled,
and the properties were measured. The initial weight capacity
density was 161 mAh/g-L.1CoQO,, and the capacity retention
ratio after 30 times of charge and discharge cycle was 97.1%.
Further, the heat generation starting temperature of a 4.3 V
charged product was 160° C.

Example 25

In the same manner as 1n Example 21 except that titanium
oxide was used 1nstead of aluminum hydroxide 1n Example
21, a positive electrode active material was synthesized. As a
result of chemical analysis, the positive electrode active mate-
rial was found to be L1Co, 45,11, 5004 90sF 5 094> and the pow-
der had a press density of 3.12 g/cm”. Further, titanium and
fluorine were found to be present on the surface. The remain-
ing alkali amount was 0.02 mass %.

By using this powder, 1in the same manner as 1n Example
18, a positive electrode was produced, batteries were
assembled, and the properties were measured. The 1nitial
capacity was 160 mAH/g, the capacity retention ratio after 30
cycles was 99.5%, and the heat generation starting tempera-
ture was 177° C.

Example 26

In the same manner as 1n Example 21 except that magne-
stum hydroxide was used instead of aluminum hydroxide 1n
Example 21, a positive electrode active material was synthe-
s1zed. As a result of chemical analysis, the positive electrode
active material was found to be
L1C0o, 66-ME4 60307 00sF o 00, and the powder had a press
density of 3.13 g/cm”. Further, magnesium and fluorine were
found to be present on the surface. The remaining alkali
amount was 0.02 mass %. By using this powder, in the same
manner as in Example 18, a positive electrode was produced,
batteries were assembled, and the properties were measured.
The 1mitial capacity was 160 mAH/g, the capacity retention
ratio after 30 cycles was 99.8%, and the heat generation
starting temperature was 187° C.

Example 27

In the same manner as in Example 21 except that zirconium
oxide was used 1nstead of aluminum hydroxide 1n Example
21, a positive electrode active material was synthesized. As a
result of chemical analysis, the positive electrode active mate-
rial was found to be LiCoj 99-71 50301 00sF o 00-, and the
powder had a press density of 3.12 g/cm”. Further, zirconium
and fluorine were found to be present on the surface. The
remaining alkali amount was 0.02 mass %. By using this
powder, 1n the same manner as 1n Example 18, a positive
clectrode was produced, batteries were assembled, and the
properties were measured. The mitial capacity was 160 mAH/
g, the capacity retention ratio after 30 cycles was 99.3%, and
the heat generation starting temperature was 173° C.

INDUSTRIAL APPLICABILITY

According to the present imvention, a positive electrode
active material for a lithium secondary battery, which has a
large volume capacity density, has a high safety, 1s excellent
in uniform coating properties, and 1s excellent 1n charge and
discharge cyclic durability and low temperature characteris-
tics, a positive electrode for a lithum secondary battery
employing 1t, and a lithium secondary battery, are provided.
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The mvention claimed 1s:
1. A process for producing a positive electrode active mate-
rial, comprising;:

firing, as a cobalt source, a mixture of substantially spheri-
cal cobalt hydroxide or tricobalt tetraoxide having such
a sharp particle size distribution that the average particle
s1ize D50 1s from 7 to 20 um, the average particle size
D10 1s at least 50% of the average particle size D50 and
the average particle size D90 1s at most 150% of the
average particle size D30, and cobalt oxyhydroxide hav-
ing an average particle size ol secondary particles
formed by agglomeration of primary particles of from 7
to 20 um, 1n a proportion of from 5:1 to 1:35 as the cobalt
atomic ratio, at a temperature of from 700° C. to 1050°
C. 1n an oxygen-comprising atmosphere, to obtain said
positive electrode active material which comprises

a lithium-cobalt composite oxide represented by the for-

mula L1,Co M, O_F, (wherein M 1s a transition metal
clement other than Co or an alkaline earth metal ele-
ment, 0.9=p=1.1, 0.980=x=1.000, 0=y=0.02,
1.9=z=2.1, x+y=1 and 0=a=0.02) and comprising a
mixture comprising substantially spherical first particles
of lithium-cobalt composite oxide having such a sharp
particle size distribution that the volume basis cumula-
tive size D10 1s at least 50% of the average particle size
D350, and the volume basis cumulative size D90 1s at
most 150% of the average particle size D30, and second
particles of lithium-cobalt composite oxide filling the
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space among the above lithium-cobalt composite oxide
particles, 1n a mass ratio of first particles/second par-
ticles of from 1/2 to 9/1.

2. The production process according to claim 1, wherein
the cobalt oxyhydroxide has a half value width of the diffrac-
tion peak on (220) plancat 20=31x1° of atleast 0.8° and a half
value width of the diffraction peak on (311) plane at
20=37x1° of at least 0.8° in an X-ray diffraction spectrum
using CuKa-ray, and has a specific surface area of from 10 to
80 m*/g.

3. The production process according to claim 1, wherein as
the cobalt hydroxide, substantially spherical cobalt hydrox-
1de having a half value width of the difiraction peak on (001)
plane at 20=19+1° of at least 0.15° and a half value width of
the diffraction peak on (101) plane at 20=38+1° of at least
0.15° X-ray diffraction spectrum using CuKa-ray, and hav-
ing a specific surface area of from 2 to 30 m*/g, is used.

4. The production process according to claim 1, wherein
the tricobalt tetraoxide has a half value width of the diffrac-
tion peak on (220) plane at 20=31x1° of at least 0.08° and a
half value width of the diffraction peak on (311) plane at
20=37x1° of at least 0.10° 1n an X-ray diffraction spectrum
using CuKa-ray, and has a specific surface area of from 2 to
10 m*/g.

5. The production process according to claim 1, wherein
the cobalt hydroxide or the tricobalt tetraoxide has a press
density of from 1.2 to 2.5 g/cm”.
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